Yellow fever is a disease caused by the prototype virus of the genus Flavivirus and remains endemic in tropical forest regions from Africa and South America, despite the availability of effective vaccines. These are capable of inducing a rapid specific immune response, with the formation of neutralizing antibodies that appear early, are protective and long lasting. The Plaque Reduction Neutralization Test is considered the most sensitive and specific test for quantification of neutralizing antibodies, and the reference method for assessing the protective immune response after vaccination. This study evaluated the reliability (repeatability and reproducibility) and accuracy (sensitivity, specificity and overall accuracy) of micro-PRNT50 and compared its performance with the micro-PRNT90. Although the micro-PRNT50 has showed satisfactory levels of reliability (ICCs ranged from 0.62 to 0.NorNormas e Manuais Técnicosas e Manuais Técnicos6 for repeatability and 0.72 for reproducibility) and accuracy (sensitivity of 91.1%, specificity of 72.9% and overall accuracy of 78%), the micro-PRNT90 showed higher performance, with ICCs for repeatability ranged from 0.78 to 0.79 and 0.81 for reproducibility, sensitivity of 100%, specificity of 94.7% and overall accuracy of 95%. Modifications in the test methodology and changes in the classification criteria in the readings of the results obtained will be important to improve the accuracy of micro-PRNT.
Introduction
Yellow Fever (YF) is a disease caused by the prototype virus of the genus Flavivirus and is transmitted to humans by the bite of bloodsucking mosquitoes, mainly the Aedes and Haemagogus genera [1] . Despite the existence of effective vaccines since 1937, YF remains a major public health problem for millions of people living in endemic regions or traveling to one e largely in the tropical forests of Africa (also urban areas) and South America, where periodically disease outbreaks or epidemics take place [2] .
Vaccination is the most effective way of prevention and control of YF [3] . The vaccines from 17D-204 and 17DD substrains are safe and immunogenic, inducing a rapid specific immune response, with protective and lasting neutralizing antibodies induced within 30 days in almost all vaccines [4] .
Among the serological tests available for assessing the host's specific immune response, the neutralization test is considered the most sensitive and specific [5] . It is based on the principle that infectious virus can be neutralized by specific antibodies and thereby lose the ability to infect permissive cells [6, 7] . The Plaque Reduction Neutralization Test (PRNT) is the reference method to measure the immune response to vaccination or to natural infection, as titers of neutralizing antibodies. In the PRNT, from a known amount of virus, the ability of serum dilutions of an individual to prevent the formation of plaques in susceptible cells can be determined [8e10] .
The plaque reduction neutralization test applied to 96-well plates (micro-PRNT) was developed to optimize resources and expedite the management of large amount of specimens, as in clinical trials of yellow fever vaccines [4,11e15] .
Despite the widespread use and importance to clinical studies, the performance of the micro-PRNT has not been fully assessed.
This study aimed to measure the reliability and accuracy of the micro-PRNT used for the determination of neutralizing antibody titers in the sera of a group of Brazilian individuals immunized with the 17DD vaccine, with reference to the PRNT applied to 6-well plates. The best cut-off point of the test was also determined.
Material and methods

Serum samples
For this study, we used sera from 200 Brazilian adult males who participated in a dose-response study of the 17DD YF vaccine. The sera were previously inactivated at 56 C for 30 min, stored at À20 C and thawed prior to use. The doseeresponse study had been approved by the Research Ethics Committee of the Evandro Chagas Clinical Research Institute, Oswaldo Cruz Foundation (Protocol No. 0038.0.009.000-08; approved on November 10, 2008) .
The sample of size 200 was estimated with the program WinPepi [16] , based on the following parameters: Intraclass Correlation Coefficient (ICC) greater than or equal to 0.8, with a significance level of 5% and breadth of the confidence interval of 0.1. For an expected Kappa of 0.65 or more, considering the frequency of seropositive of 50%, with a significance level of 5% and breadth of the confidence interval of 0.2.
A systematic sample was selected from a total of 900 specimens sorted according to the antibody titers previously obtained in the micro-PRNT performed for the dose-response study, to represent a broad spectrum of immune responses. The operators in this study did not have access to results of the previous test.
In-house standard for YF serum
The standard serum prepared in-house and used as positive control (M7/100) came from Rhesus monkeys (Macaca mulatta) vaccinated against YF and was known to contain 1115 mIU/ml. It had been calibrated against an international reference serum from WHO (Serum Institute Copenhagen) [13] .
Cells and virus
Vero cells (ATCC, CCL 81) were maintained in 5% CO 2 atmosphere at 37 C in 199 medium with Earle's salts (10X) supplemented with 5% inactivated fetal bovine serum, buffered with sodium bicarbonate 4.4%, 1% gentamicin sulfate and 0.4% fungizon (for each 100 ml). The cell concentration used for the micro-PRNT was 2.7 Â 10 5 /cm 2 . The concentration used for PRNT was 1.0 Â 10 5 / cm 2 , which were seeded in 6-well plates 24 h before the test to be performed (preformed monolayers). The challenge virus used was a secondary seed-lot 17D/WHO 213/77/BR e 1B/86. At the time of use, an aliquot of virus was reconstituted with 1 ml of sterile distilled water and it remained at rest for at least 10 min for complete reconstitution of the lyophilisate. After this period, the aliquot was vigorously homogenized and diluted (in medium for PRNT) to obtain an average of 30 plaques per well in 96-well plates (previously determined by viral titration).
Micro-PRNT (96-well plates)
For each test, serial two-fold dilutions starting at 1:5 in 50 mL of each one of the 200 inactivated serum samples were performed in 96-well tissue culture plates (columns 1 to 10 of each plate, where each column received a different serum sample) (Fig. 1) . A positive monkey serum sample (M7/100) with YF antibody content calibrated by a WHO International Reference Preparation was included in each set of test (column 11). After the stage of serial dilutions of sera, a suspension of the challenge virus (the concentration required to obtain an average of thirty plaque forming units in 50 mL) was dispensed into all wells. Dilutions of virus and sera were performed in 199 medium containing 2.5% Hepes 1M. Column 12 of each plate was designed to virus control ( Fig. 1 ). In the step of neutralization, the mix (virus plus sera) was incubated for 1 h at room temperature. After this incubation, 50 mL of a suspension of Vero cells in 199 medium (density of 2.7 Â 10 5 /cm 2 ) were added to all wells and the plates incubated again at 37 C in BOD incubator for 3 h. After this period, the medium was completely discarded and replaced with 199 medium containing 3% carboxymethyl cellulose (CMC) in volumes of 100 mL. After incubation at 37 C in 5% CO 2 atmosphere for six days, the monolayers were fixed with formalin (10%), stained with crystal violet (0.04%) and plaques were counted at a magnification of 12.5Â on a vertically mounted 35 mm projector with wide angle lens [13, 17] .
PRNT (6-well plates)
The serial four-fold dilutions (in 199 medium) of the 200 sera (including the standard serum) were performed on plates of 24 wells, in order to obtain dilutions of 1:16 to 1:16384. After this step, 500 mL of each serum dilution were mixed with 500 mL of viral suspension in a second 24-well plate (reconstitution and dilution of the virus were performed previously to obtain 30e40 plaques per well). The same procedure was performed to virus control: 800 mL of the virus suspension was mixed with 800 mL of diluent medium.
For neutralization, the mix virus plus serum was incubated for 1 h at 37 C in 5% CO 2 atmosphere. Medium from 6-well plates (seeded 24 h before, with Vero cells in a density of 1.0 Â 10 5 /cm 2 ) was removed and replaced with 200 mL of the virus-serum mixtures described above (in triplicate for each serum dilution). The monolayers were incubated for 1 h at 37 C in 5% CO 2 atmosphere. After this incubation, the mixtures were aspirated and replaced with 3 ml of CMC 3%. After seven days incubation at 37 C in 5% CO 2 atmosphere, the monolayers were fixed with formalin (10%), stained with crystal violet (0.04%) and plaques were counted under a magnification of 12.5Â [12, 13] . The test set in Fig. 2 illustrates the size and distribution of the plaques. . From left to right: columns 1e10 e serum samples. Column 11 e in-house standard serum (M7/100). These sera were submitted to serial dilutions starting at 1:5 to 1:640. Column 12 e virus control.
Calculations
The PRNT titer was defined as the reciprocal of the last serum dilution that reduced the number of plaques (obtained in the virus control) by 50% or 90%. The 50% endpoint (EP 50 ) of the test was determined by multiplying the arithmetic mean of the number of plaques corresponding to the virus control by 0.5. To determine the 90% EP (EP 90 ), the arithmetic mean of the number of plaques corresponding to the virus control was multiplied by 0.1. The serum dilution which reduced the number of plaques by 50% or 90% was calculated through linear regression using Microsoft Excel 2007 by interpolation of the dilutions corresponding to the plaque numbers immediately above and below the 50% or 90% endpoint value of the test. The antibody concentration in mIU/ml was calculated relative to the antibody content in the international reference. The quotient of the division of 1115 mIU/ml (titer referring to M7/100) by the dilution corresponding to the 50% or 90% endpoint of the reference is multiplied by the dilution equivalent to the 50% or 90% endpoint of each serum sample. The base line was calculated at the lowest dilution of sera (1:5 and 1:16 for micro-PRNT and PRNT, respectively), as it corresponds to the detection limit of the test.
Operators
Three operators previously trained for the implementation of PRNT and micro-PRNT participated in this study. A rotation of operators arranged in pairs (named A, B and C) was made to perform the micro-PRNT. The "main" operator was responsible for the addition of diluent medium, the viral and cell suspensions and CMC, dilution of the virus, serial dilutions of sera and counting the plaques obtained. The "auxiliary" operator was responsible for placing the serum sample in wells of the first lines of each plate.
Statistical analysis
We calculated the means, standard deviations (SD) and coefficients of variation (CV) of the nine results for each of the 200 sera e resulting from three repetitions for each one of the three pairs of operators. The CV also was used to evaluate the means of plaques counted in triplicate for each dilution of serum and virus controls. Tests with the CV of the virus control greater than 20% were discarded and repeated.
Repeatability was evaluated from three independent repetitions of the micro-PRNT for each one of the 200 sera, performed by the same pair of operators. In order to evaluate the reproducibility of the test, the other two pairs of operators performed the same procedures and the third routine of each pair was considered in the assessment of the level of agreement between them. The repetitions were performed under the same conditions (inputs, materials, equipment, dilutions of viruses and sera, incubation etc.). Each routine of the micro-PRNT (determined by different dates) was performed for the 200 serum samples. The agreement of quantitative results was determined by the ICC [18] , with 95% confidence intervals.
Accuracy of the micro-PRNT to determine the neutralizing antibody titer against YF virus was measured by reference to the PRNT in 6-well plates. This is considered the best existing method to determine the neutralizing antibodies to YF. Accuracy parameters used in this study included sensitivity (probability of the serum sample to be reactive e positive test e in individuals who have neutralizing antibodies against YF virus) and specificity (probability of the serum sample not to be reactive e negative test e in individuals who have not antibodies). A Receiver Operating Characteristic (ROC) curve was constructed by plotting the estimates of sensitivity against the false positive rates for a series of cut-off points. It revealed the best cut-off point of the test, that is, one that gives us at the same time, the best sensitivity and specificity for the micro-PRNT [19] . The cut-off point for the PRNT (6 wells) was determined in the histogram of antibody titers from all 200 sera.
The results of the two methodologies (96-well and 6-well plates) were organized in Microsoft Excel 2007 and statistical analysis was carried out using the Statistical Package for Social Science V.17.0 (SPSS Institute Inc., 1990). The results are shown in mIU/ml and in reciprocal of dilution.
Results
The ICCs of the pairs of operators in the analysis of repeatability of the micro-PRNT 50 (50% endpoint) are shown in Table 1 . For analysis of reproducibility the ICC among the three pairs of operators was 0.72 (0.66e0.78).
The histogram of antibody titers from the 200 sera submitted to the PRNT 50 showed a well-defined separation of sera with results smaller or larger than 2.5 Log 10 mIU/ml (Fig. 3A) . These results were consistent with the immune status expected from the source of the sera (Fig. 3B ) with 144 sera (125 pre-and 19 post-vaccination sera) showing antibody titers between 2.0 and 2.5 Log 10 mIU/ml, and 56 sera (26 pre-vaccination sera, marked with asterisks on the graph, and 30 post-vaccination sera) higher than 2.5 Log 10 mIU/ml. The distribution of post-vaccination antibody titers shifted to higher values although mixed with low titers. The cut-off point of 2.5 Log 10 mIU/ml (316 mIU/ml or 1:10) for the PRNT 50 appeared to be suitable and was therefore used for data analysis.
The results from PRNT were consistent with the origin of the sera disclosed after completion of laboratory analysis, and showing 151 pre-vaccination sera and 49 post-vaccination sera.
The frequency distribution of antibody titers from micro-PRNT 50 did not show a well-defined separation of seropositive and seronegative specimens (Fig. 4) .
The ROC curve showed that the limit value of 2.9 Log 10 mIU/ml (794 mIU/ml or 1:50) provided the best combination of sensitivity and specificity for the test: in the upper left corner of the graph and the farthest from the reference line, indicating a greater overall accuracy (Fig. 5) .
With PRNT 90 187 (out of 200) sera presented results less than 2.9 Log 10 mIU/ml, of which 148 were pre-vaccination and 39 sera were post-vaccination, with clearly distinct distribution from the subset of higher values, which 13 sera showed results higher than 2.9 log 10 mIU/ml (10 post-vaccination sera and 3 pre-vaccination sera) (Fig. 6A) . The cut-off point for the PRNT 90 of 2.9 Log 10 mIU/ ml (794 mIU/ml or 1:10) was used for data analysis.
The construction of a frequency histogram considering the averages of the results of 200 sera submitted to the micro-PRNT based on EP90 did not clearly indicate, as well as for micro-PRNT 50 , the limit values to define seropositivity (Fig. 6B) .
The criterion that best discriminated the immune status of individuals was defined by estimating the parameters of accuracy corresponding to various "cut-off points" for the micro-PRNT 90 (taking the PRNT 90 as reference) in order to define the best among them. The cut-off point of 3.4 Log 10 mIU/ml (2512 mIU/ml or 1:13) provides the best measures of accuracy.
Determination of the ideal cut-off points for the micro-PRNT 50 and the micro-PRNT 90 allowed us compare them. The measures of accuracy of the micro-PRNT 50 (sensitivity of 91.1%, specificity of 72.9% and overall accuracy of 78%) were lower than for the micro-PRNT 90 (sensitivity of 100%, specificity of 94.7% and overall accuracy of 95%), showing its superior performance.
The repeatability (Table 1) and reproducibility of the micro-PRNT 90 were evaluated as for micro-PRNT 50 . In the analysis of reproducibility of the micro-PRNT 90 the ICC obtained between the three pairs of operators was 0.81 (0.77e0.85).
Discussion
The PRNT has been extensively used to quantify neutralizing antibodies [4,11e15] , which is the major immune response to vaccination or natural infection with the YF virus [6, 10] . Although a serological correlate of protection against YF is unknown, there is indirect evidence of protection in vaccinated individuals who visited or lived in endemic areas. The reliability of the micro-PRNT 50 in this study was satisfactory compared to others with similar methods and population in which the ICC was 0.79 (0.74e0.83) [4, 20] .
The accuracy of the neutralization test had been shown to be superior to ELISA and hemagglutination inhibition [9] . The micro-PRNT also appeared to be satisfactory for the comparative assessment of immunogenicity of vaccines, but a thorough assessment of its performance had not been conducted before. To address that issue, vaccinees had the advantage of being widely available. Given high vaccine coverage in endemic areas in Brazil, clinical YF and subclinical natural infection are hard to detect. Typical natural infections are expected to elicit strong immune responses, whereas vaccination induces a wide range of antibody levels, which is a desirable property for analysis of reliability and accuracy.
Considering that PRNT is the standard for antibody titration, and that clinical elements indicating infection were not available, the PRNT in 6-well plates was considered the appropriate reference for accuracy assessment of the micro-PRNT. The cut-off point for seropositivity was based on data generated in this study, including vaccination status. Those data supported PRNT in 6-well plates as the reference test.
The 90% endpoint, which has been used for analysis of results from neutralization tests [9,21e24] , was used in the micro-PRNT and showed the best performance, with accuracy measures higher than for the micro-PRNT 50 . That was consistent with the higher proportion of seronegative results in pre-vaccination sera, and also expected considering the more restrictive criterion for neutralization. Nevertheless, performance of the micro-PRNT 90 could be improved with the use of an in-house standard serum with higher neutralizing antibody titer.
This study indicated opportunities to improve the micro-PRNT. Changes in the classification criteria of the sera (using the best cutoff point and the 50% or 90% endpoint) undergoing to the test are important issues to be discussed to improve the accuracy of the micro-PRNT. Laboratory methods should also be revised according to Cohen et al. [25] who (in personal communication) do not recommend the use of room temperature in the step of neutralization of the micro-PRNT. They argue that "room temperature" is not well established, is subject to climatic variations and, therefore, is an uncontrolled variable. Other procedures, such as the way to remove the supernatant before the addition of CMC, are also thought to contribute to variation in the results from the same serum. To incubate the plates for the neutralization step at 37 C atmosphere is an alternative to safeguard against changes in room temperature. Also, to discard supernatant after the adsorption step, the use of pre-formed monolayer and aspiration of the supernatant can be used, as for the PRNT. The quality of the cell monolayer is critical for the development of plaques and, thus, to generate accurate results.
Accuracy estimates of the micro-PRNT had an intrinsic methodological limitation as the weaknesses of the reference standard are necessarily disregarded in the process. Therefore, the actual sensitivity and specificity for the true immune status was probably somewhat lower. On the other hand, taking the average titer of 9 tests of each specimen, resulted in more reliable measurements, and inflated the accuracy estimates.
The quest for accurate methods can be framed by the implications of false negatives (missing immune subjects) and false positives (missing susceptible subjects) for diagnostic investigation, disease surveillance and assessment of vaccine immunogenicity.
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